The ability of fibroblasts to perform unscheduled DNA synthesis (a measure of excision-repair) after UV irradiation was measured radioautographically for seven species at several times after several UV fluences. Both the initial rate and the maximum incorporation of
If an animal's cells are exposed to a constant level of physical and chemical damages per unit time, they will accumulate damages at rates dependent on the efficiencies of the repair systems for the individual damage components. If the systems are inefficient, the level of damage in DNA will increase relatively rapidly, and the resulting aberrant macromolecular synthesis may lead to cellular malfunction (and the animal's death). This point of view leads to the prediction that there is correlation between the life-span of a species and its overall ability to repair damage to its DNA.
Several experiments relate directly to the question of the accumulation of damage in the DNA of older cells and to the existence and efficiency of repair systems in such cells. Price et al. (1) and Modak and Price (2) assayed damage in tissues from aging mice by measuring radioautographically the ability of DNA from such tissues to act as primers for in vitro nucleotide incorporation catalyzed by calf thymus polymerase. They showed that old tissues acted as better primers than young ones and interpreted the observations as indicating that DNA from old cells contains relatively large numbers of strand breaks. Supporting evidence for this point of view came from measurements of alkali-labile bonds (single-strand breaks) in the DNA of old and young cells. Not only did the DNA of chick red cells have more breaks than that from lymphocytes, but the DNA of young red cells had fewer breaks than old ones (3) . Chick red cells did not repair x-ray breaks in DNA, and old rat muscle cells did not repair them as well as young ones (3) , but nondividing cells such as rabbit retinal (4) or dog neuronal cells (5) were able to repair ionizing radiation breaks as well as fibroblasts. The cells from progerioid individuals were observed to be defective in the ability to rejoin DNA strand breaks (6) but normal for repair replication after UV irradiation (7) .
Excision of DNA damage due to UV irradiation has been measured for a number of different species (8, 9) . UV radiation is a convenient model insult because its effects on cellular DNA can be well quantitated. The excision-repair of damaged UV-irradiated DNA has been analyzed by a number of different techniques (8) (9) (10) (11) , such as (a) the actual removal of cyclobutyl pyrimidine dimers (excision), (b) repair replication (the incorporation of radioactive label into parental DNA during repair), (c) unscheduled DNA synthesis (the synthesis of DNA during non-S periods of the cell), and (d) the photolysis of bromodeoxyuridine incorporated into parental DNA during repair. Although these techniques measured different parameters, they all seem to give similar estimates of excisionrepair (12, 13), and it has been shown with several of them that normal human cells (14) (15) (16) and cells from cow (17) are very efficient at dimer excision. However, dimer excision in hamster cells is barely detectable (13) and in mouse cells is not detectable (13, 18) (25) .
Culture Techniques. Biopsies were cut into fragments that were distributed to each of a number of 6 oz prescription bottles containing 1 ml of tissue culture medium-Eagle's minimal essential medium supplemented with 2 mM glutamine (Flow), 0.11% NaHICO3, 15% fetal-calf serum (Flow), nonessential amino acids (Microbiological Associates), 50 pg/ml of gentamicin sulfate (Gentocin Schering), and 1 mM sodium pyruvate, pH 6.9-7.1. The cells were fed daily, and at the end of 2 weeks the medium was changed. The time to reach confluence varied with the species (10-25 days). Confluent cells were detached with 30 ug/ml of crystalline trypsin (Worthington Biochemical) in Hanks' basic salt solution minus Mg2+ and Ca2+ and were dispersed with a-large-bore pipette, diluted 2-fold, and plated. Irradiation. Cells were seeded at a density of 104 cells per cms in 100 mm diameter petri dishes, in which 22 mm X 11 mm cover slips had been placed, and permitted to attach for 24 hr, at which time the medium was changed to Eagle's minimal essential medium (modified as above) +15% dialyzed fetal-calf serum containing 2 X 10-' M hydroxyurea.
[This compound inhibits normal DNA replication but permits unscheduled DNA synthesis (26) and repair replication to take place (27) .] After about 1 hr this medium was poured off, and the cells were rinsed twice with Hanks' basic salt solution and exposed from above with primarily 254 nm radiation from a germicidal lamp. The incident fluence rate was measured with a Jagger meter (28) . At the end of the irradiation, the medium, containing hydroxyurea, was added to the cells, and ['H]dThd was added at a concentration of 2 1&Ci/ml (specific activity 15 Ci/mmol) so as to measure unscheduled DNA synthesis. Unirradiated and exposed samples were incubated for times from 0 to 24 hr. Radioautography. At the end of the incorporation period cover slips were washed with a nonradioactive balanced salt solution, fixed in Carnoy's solution for 10 min, and prepared for radioautography by standard procedures (29) . The cover slips were dipped into 2-fold diluted, Ilford no. 4 emulsion and allowed to expose for 6-7 days. Slides were developed in D19, fixed, and stained in Harris hematoxylin. Approximately 400 cells were observed at a magnification of about 200-fold, and the number of grains for each cell was counted. RESULTS Typical raw data are shown in Fig. 1 
For cells exposed at 0 time to 10 J/m2 of 254 mn radiation there is a large amount of stimulated incorporation-unscheduled DNA synthesis. The magnitude of unscheduled DNA synthesis as measured by the number of grains per nucleus is much greater for human than for mouse fibroblasts. To calculate the average number of grains per nucleus that represents unscheduled DNA synthesis, we have subtracted the values for unirradiated cells from irradiated ones (except for values of 0, 1, or 2 grains per nucleus, for which no subtraction was made) and carried the averaging out through the peak of unscheduled synthesis-through 65 grains per nucleus for human and 25 grains per nucleus for mouse fibroblasts ( Figs. 1 and 2 ). Fig. 2 Fig. 3 indicates that the magnitude of unscheduled synthesis measured at early times after irradiation increases approximately linearly with fluence, whereas at late times (25 hr) it tends to saturate at the higher fluences.
Data relating average grains per nucleus after 10 J/m2 to incubation time are shown in Fig. 4 . Similar data were obtained at fluences of 5 and 20 J/m2. As others have found (26, [30] [31] [32] , unscheduled DNA synthesis is initially rapid and reaches a final value at about 12 hr after UV irradiation. The data for the seven species shown in Fig. 4 represent measurements in an experiment in which all the cells were irradiated and incubated under comparable conditions, and radioautographs were made at the same time after irradiation. Both the initial rate of unscheduled synthesis and the final extent are species dependent. The order of increase in unscheduled synthesis is the same as that of life-span. This is more clearly shown in Fig. 5 , where the life-span on a log scale is plotted against the extent of unscheduled DNA synthesis (measured at 13 hr after UV irradiation). At the three fluences there is a good correlation between life-span and unscheduled synthesis, and the ratios of the unscheduled synthesis by the longer-lived animals to that by the shorter-lived ones are about the same. We believe that the important parameter is (e) and that differences among species in (a)-(d) do not explain our data for the following reasons. (i) The fraction of thymine dimerized by a given UV exposure in comparable experiments is the same for mouse, hamster, and man (13) and for man and cow (16, 17) . (ii) Almost all mammalian diploid cells have similar DNA contents (about 6 pg) (33) . (iii) The observation that the small numbers of labeled cells resulting from scheduled DNA synthesis have similar grain counts in all the species examined (data not shown) suggests that the endogenous pools have similar specific activities. (iv) The data on the photolysis of BrdU incorporated during excision repair in mouse, hamster, and man (10, 13) In interpreting any correlations between the extent of UVstimulated unscheduled DNA synthesis and life-span, we must make the tacit assumption that UV is a good model insult, which mimics the "normal" wear and tear in cellular DNA. Although a number of chemical damages are repaired in a UV-type mode (10), the assumption is not necessarily true, because the UV exposure in these experiments was given in a short time and had little difficulty penetrating any histone surrounding the DNA. In the real world, chemical and physical insults may be delivered at very slow rates, and chemicals may have difficulty penetrating to the DNA before reacting with other cellular constituents. On the other hand, normal heat stress at 370, as well as chemicals and radiation in the natural environment, lead to DNA damage. At 370, DNA should accumulate a significant number of depurinations (36) (as indicated by extrapolated data from higher temperatures). The fact that such depurinations have not been observed in cellular DNA (37) is an indication that they may be repaired in cells, and indeed endonuclease activities from mammalian cells have been found that act on depurinated DNA (38, 39) . The existence of different extents of excision-repair implies that cells proficient in such repair can remove more damage than cells deficient in repair. Hence, over a given period of time a mouse might accumulate in its cellular DNA more damage per unit length than would a man. Such damage would result in a more rapid deterioration of the fidelity of transcription and translation and could account for the shortened life-span (40) . [Note that human fibroblasts can go through more passages than mouse fibroblasts (41) .]
A number of observations indicate that there is much more to aging than just the failure of an excision-repair system for dimers. Most individuals with xeroderma pigmentosum are defective in excision-repair (7, 14, 42) and develop sunlightinduced skin cancers from which they would die at an early age if untreated (43) , but such individuals do not age in other ways or have a life-span less than that of a mouse. Nor do xeroderma pigmentosum fibroblasts go through fewer passages than normal ones (34) . Moreover, fibroblasts from individuals who age prematurely (progeria) do not go through as many passages as do normal cells (44, 45) 
